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Three-Dimensional Simulations of the Generation of One Angstrom Radiation
by a Self-Amplified SpontaneousEmission Free-Electron Laser*

J. C. Goldstein, C. J. Elliott, and M. J. Schmiu
GI’OUP X-1, MS E531

LOSAlamos National Laborato~
LOS Aliimos, New Mexico 87545

Three-dimensional numerical simulations of the genemtion of one Angstrom X-nays by a free-
electron laser opem:ing in the self-amplified spontaneous emission mode h~vc been performed.
Using mock] electron beam and wiggler ptiriimeters, we have investigiitcd the length of wiggler
needed to just tivoid bitndwidth broiidening effects dissociated with gain sawmtion, and we have
also ~btilin~(i rcquircmertts for wiggler !ield errors to avoid signiiicim! loss of performance.

1, Introduction

Self-amplified spontaneous emission (SASE) had been studied [1], 121,13]as a possible melh-

od for the generation of extreme ulmtviolet or soft x-ray radiation by free-electron Iitsers (FELs).

In this sc.hcnw. no mimers are neukd in the light gencmtion process, ils they itm for un FEL oscil-

liltor. I“his is :1twncfit, since highly rctlcctivu minors ilrc not gcncr; thy i~vilililhlc n[ shol~ w:lvc-

lcn:g[lls, I Imvcvcr, the SASII sdwmc s(ll)s[iltltiillly increwws the rquircmcnts on clc~’trcmh~illl~

q~lillit~iit~dwiggler Icng[h relittivc [o thcvwfor il low-gtiin os~illi][or”14j.

Rcquircmenrs for SASIZ gencril[ion of one Angstrom r~diaticm arc extremely demitmling.

Ril[tl~~l‘hiln ilss~~sthe possibility of il~.l:ic\~illg[hcsc rcq,lircmcnts in ~~t~~riil, we hi~vcused iI S(SI

of ~lc~’[’011I)C:III1fllldwiggler pilrilllKICrS pr(qx)scd by Pdmcr d Giillilr(hl 15] in their SCCOI1lI 11’1-

tcr of ili]t)oilt)~’~tll~ll[ of the 13NI.Wt~rksh(}p(m I’rospccfs for n one Angstrom I%cc-illcctron I.NSW

ns I1l(NICIpilrillllCICrSm using ttlC3-1>l:l{l. Sill]ulilli(vlCdc FEI.llX 16], [7] Wc lliiVC limilcd our (h

*Work pcrfom]cd under ~he uuspiccs {~f[hc 11.S. Dcpitrtmcnl of Uncrgy and suppcwtcd by IAm
AIiltl](tsI)togriltl) I)cvclopmcn[ ~UIKIS,



jective in this study to a determination of the leng(h of the wiggler that maximizes the power out-

pul bu[ jusl avoids spectral broadening due to gain saturation effects. We have found that the ap-

propriiite wiggler contains over 1000 periods, and we have briefly studied the requirements cm

wiggler field enors with a trajectory correction scheme to avoid catastrophic loss of performance.

Il. Model Parameters

The parameters in [5] assumed use of a helical wiggler magnet. Since the simulation code

FELEX can handle only linearly polarized wigglers, we have adjusted two parameters in a wiIy

thnt le[ivcs the critical FEL parameter, p, unchunged; for a !inearly polarized wiggler, we have 13]

,= (g)w)g)]’A[~)

Here, G = Jo (~) - J1 ({), where &= aw2/(4 + 2 ttW2)and the J’s are Bessel functions, For a uni-

formly filled tr;msvcrsc philse-spii~e disrribu~ion, the peuk on. (is e]cctron number density is giv-

Cn by no = 4k pV(3CCC) [81, where 1 is the current, kp is the betiltron W:IVCnumber (here c~tiiil IO

the rcciprocill of the b~til function [9]), C,dclirwd in [R], is four times the rms trimsversc cmil-

I;IIK’C,c is the lllilgl}illKICof ttlt?clculr(m’s clulrgc, iind c is the velocity of light, Other syn~b(ds

uwd ill)ov~m rc, the ~liissi~fil rwlius of the clcc[ron; y = Fi/nE2 is the eiemon’s relativistic ftiuor;

~ is lhc period of the wiggler IllilgllCt; tind lIW= c 13Wl~(2nmc2) is the dinwnsionless vector ptb

tculi;ll whcrr 13Wis ~hcp~itk wiggler nlilgllctic iicld,

WCchoos~”I]W10m:lkc (),5 CIW2=l,withAW- --1 cm, lJsing pnmnwtcr Viili]ts in 15], wc fimi 11()

= 2,(J23 x 1017~ttll”~,WCthCl~define il IWW~ilrrct~t1’= l/CJ2to nlitk~ (-;21]()’= no, T’I’ICSCchcicys

glVc :1 IllllllCritmill VIIIIIC off) = 1,(YJx 10-3,usil]g 5 Gcv for the clw.tr~mt)ciltll cncr!:y, A sumnwry

of pilr;lnlctrr viIlucs used in Ihc sinlulilti(~nsis given in “1’uhlc1, Nt~tcth;lt Ihc wiggler is nssumwl



to have curved-pole faces for two-plane focusing. Also, the Letatron wavelength in [5] is fiir

shorter (by a factor of 22) than that given by the “natural focusing” [8] of the wiggler, so some

assumption about additional focusing has been made. The source of this focusing is unspecified,

but might be produced by ion channels [10], [11]. An assumption of the numerical simulations is

that this focusing is analogous to curved-po!e-face focusing [12] in that the axial velocity is inde-

pendent of the phase of an electron’s betatron oscillation. This is not true if external quadruples

are used, and quadrupolc focusing can lead to loss of gain due to dephasing of the electrons and

light in a wiggler that is many betntron wavelengths long.

III. Simulations and Results

For an elccmm pulse length of 20 fs [5] and a wiggler 1(MOperiods long that radiates onc

Angstrom IighI, he electron pulse is about 60 slippage distances long. We have. therefore, nc-

glcctrd pulse cffem in the simulations. We studied the dependence of the emitted power iIs ii

funclion of’wiggler length via 3-D periodic boundary condi[ion (pbc) [13] FELEX simulations.

These cnkulations stint from sponmneous emission due to shot noise in the electron cument. For

Ihc wiggler Ieng[h given in [5], 1020 periods, we calcuk-d output powers in the range of 0,35-

(),7()GW, The ringc is a result of calculations starting with diflcrcnt random number seeds, Wc

rcpc:mxl these calculations for longer wigglers imd found th:~tsilturiltiun cffcds just start ii[ Ihc’

CIKI of ii 1400 pcri(x! wlgglcr. Figure (1) shows the radius of the electron bwlm in the wigglcc Ily

“ril(liils” wc l~l~iln in this ptipcr sq~lilrCroot of 2 x mm radius for both elccnron and optical bcilllls;

if [hc l)~illllprofiles were Giiussiiit], this would bc the radius al [hc l/c point, Figure (2) show’s

IIW(~j)[i~cillhcilill radius inside the wiggler. The Iiirgc inifiiil growlh occurs before guiding b~s-

C{NIWSdolllinilnt, The guided mode ridills is ill)~llt 12 ~m, and the expilnsion at the end or ihc

wiggler tl~ilrksthe cmsct of gnin Sil[uriithl. Figure (3) shows the onset of si~tumtion at the end (d’

the wigglw hy trucking the chimgc of dlc tllcilt~cnerfly (dotlcd line) und the half widths ut IAs

p(liIlls (upper lll}dtower solid Iilws), I’hc lllL’illl energy di’ops ilnd the energy sprcud incrcwws, ilS

[Ilc’ #ilill Slilrl!i tl) SillUrillC, ThCSL! CillCUliltiOllS yielded il power Of [Ikilt 8 (IW Ulld ~ frucli(ml



spectral bandwidth of about 0.2% at the end of the wiggler. These values should be regarded as

approximate because the difficulty of doing the simulations (note that e = 10 x optical wave-

length) precluded many calculations.

For such long wigglers, one has to worry about the effeets of wiggler field errors [14]. We

have briefly investigated the constraints on field errors in the fol!owing way. We could not run

FELEX in the pbc mode with field errors, Therefore, we defined an quivalent single-wavefront

amplifier calculation: we used an initial i~put optical power that gave approximately the same

output power (8 GW) and electron energy spread at the end of the wiggler as did the pbc calcul~-

tion (which used multiple wavefronts and staned from elemron shot noise with no initial oplictil

power). Figure (4) shows the evolution of the optical beam radius inside the wiggler for the sin-

glc-wuvefront calculation. The initial transient de’j:.ys to the guided mode xadius then starts to ex-

pired at the end of the wiggler as in Fig. (2). Figure (5) shows the onset of saturation from the

electron bmm mean &nergyand energy spread variations through the wiggler; it should be corn-

parcel wi[h Fig. (3). The gain of the equivalent single-wavefront amplifier calculation was ahou[

6.5 x 10-’,iind the output power was about 8 GW.

Wc then introduced wiggler field errors [ 14] into the equivalent single-wavefront rimpli!icr

cidcul:ith and ob.sctved a reduclimt in pcrformwtce. We have found the following results: The

“tni)i~”l)~(l”’rid~tts of the electron betiln in the wiggler is about 6 Ym. If ihe position of the bc;ln~

C:IHbc sunsud to * lpm, and if 10 steering stwions are used along [hc lcng[h of the wiggler it)

bring [Iw bcwn back to the uxis, then wiggler field enrm of nboul Ml% cm bc tolcrutcd. If [Iw

iicld urrors ii~ 0,02%, the Wrfonlli~ncc drops by tibout u fiictor of two relative to the pcrfcc[ wig-

gler C:ISC, If’ IICM errors urc 0,01% but the bciml position cun be sensed to * 2~m, Ihc perft)r-

i]liltl(’~drops hy s~tncwhilt mmc [hiin iI fil~[orof [wc).

These nrc vcv sningcnt requwcmcnls. Ilc rcquircmenl of 0.01% ficlti emors is about n filtmlof”

of 1(!Iwllcr Ihiln hils been done in uny wiggler YCIconstructed. Ile requirement of ~ 1pm b~ill))

p)siti(m :1(’cur;~cyis illso about onc (mlcr of nx~gnitudcbetter Ihiltl lhc present stii[~ of IhC ilrt, (MLO



should keep in mind that the state of the art for wiggler errors does not involve a 1400-period wig-

gler and that state-of-the-art posjtion accuracy was not done for a 2.7-kA, 5-Gev, 20-fs electron

beam. Hence, the required one-order-of-magnitude improvement may not adequately express the

difficulty of achieving these goals.

IV. Summary and Conclusions.

We have studied some aspects of the generation of one-Angstrom radiation by numerical sin~-

ulation methods. We used the electron beam and wiggler parameters of Case B in Ref. [5! as

model parameters. We modified the wiggler feld and peak current to keep the FEL parameter, p,

in the simulations - which could be done only for a plane-polarized wiggler - equal to that in Ref.

[5] (which considered using helical wigglers). Table 1 indicates parameter values used in the sinl-

ulations.

Three-dimensioned periodic boundiuy condition simulations that start from electron shot noise

indicate th:it a 1400-period wiggler would produce a peak power of about 8 GW with a fractional]

bandwidth of about 2X10-3 centered at a wavelength of about one Angstrom. At this length, gain

saturation effects arc just beginning to be seen [it the end of the wiggler.

Wc have briefly studied the effects of wiggler field errors on the pcrfm-rmlncc of such an SASI”l

dcviuc, Wc find that with 10 steering stiitions idong the wiggler’s length, the wiggler tield errors

must bc held to 0.0170 and the transverse position of the electron beirin mu.it be rneasuritblc to *

l~m,

All of the scpurirte requirements on the electron beam and the wiggler ;or this sort of onc-

Angstr~ml SASE FM. amplifier seem 10 substitnti[!lly exceed achirvcrncnts in existing dcviccs. ‘Ii)

itchicvc illl of these requirements simulti~neously, as is rquircd for this devrce, would tippciir to

require rn;lny yeiUS of development,
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Table 1, Parameter ValueSIJsedinthe$ Imulfttions

Electron Beam

Peak cunent (A)

Y= Wmc2

Ayy (IW l/c, %)

Normalized transverse emittance [87] (mm-mr)

xms radius in wiggler (pm)

ylfi

Wavelength (cm)

Peak field (T)

k~ = 2tikp (cm-’)

Optical

Resonance wavelength (Angstrom)

2702.703

9784.7358

0.1
0.8x

4.52

1.0

1.5132085

0.01

1.04448
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Figure 1: Radius of matchedelcmon beam vs. longitudinalposition inside the wiggler.
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Figure 2: Raaius of optical beam in pi~c boundary condition simulation vs. longitudinal
psition alongwigglcr.
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